Synaptic glutamate signaling in brain is highly complex and includes multiple interacting receptors, modulating cotransmitters and distinct regional dynamics. Medial temporal lobe (MTL) memory structures receive excitatory inputs from neocortical sensory and associational projections: afferents from neocortex pass to parahippocampal cortex, then to layers II/III of entorhinal cortex, and then onto hippocampal subfields. Principles of Hebbian plasticity govern synaptic encoding of memory signals, and homeostatic plasticity processes influence the activity of the memory system as a whole. Hippocampal imaging studies in schizophrenia have identified 2 alterations in MTL-increases in baseline blood perfusion and decreases in task-related activation. These observations along with converging postsynaptic hippocampal protein changes suggest that homeostatic plasticity mechanisms might be altered in schizophrenia hippocampus. If hippocampal pattern separation is diminished due to partial dentate gyrus failure (resulting in ''spurious associations'') and also if pattern completion is accelerated and
Introduction
Glutamate signaling impacts a majority of neurons in mammalian brain, supporting activity-dependent signaling, neuronal growth, and synaptic plasticity. [1] [2] [3] The glutamate system in brain is highly complex and includes multiple interacting receptors, modulating cotransmitters and multisystem synapses (figure 1). Presynaptic, postsynaptic, and astrocytic mechanisms are important to overall excitatory signaling and to unique plasticity mechanisms which are associated with glutamate transmission [4] [5] [6] ; the 3 compartments (pre-, postsynaptic, and astrocytic) are all candidate systems for pathology in glutamate-related brain diseases. Regional characteristics of synapse architecture, local circuitry, and specialized signaling mechanisms suggest that important aspects of glutamate regulation are local. Even within anatomic regions, specificity of function occurs on a microcircuit level with the same glutamatergic architecture serving distinct functions. 7, 8 It is already known that hippocampus and the surrounding medial temporal lobe (MTL) cortex is dependent on glutamate signaling to a greater extent than other neocortical tissue, a feature that underlies its learning and memory functions. 9 Moreover, hippocampus is one of the brain regions whose function is altered in schizophrenia, suggesting the potential relevance of glutamate transmission in this structure to psychosis pathophysiology. 10 The role of altered glutamate signaling in schizophrenia and the clinical and pharmacological basis for this formulation have already been amply reviewed and widely accepted. [10] [11] [12] In this review of glutamate mechanisms and schizophrenia, we will maintain a regionally limited focus on glutamate-mediated plasticity mechanisms associated with hippocampally supported aspects of learning and memory (L&M). Hippocampal signaling has been studied for decades because the dramatic demonstration of its essential role in memory function through the case of Henry Moliason, [13] [14] [15] creating a rich store of knowledge around its role in memory. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] We have proposed a speculative and testable model of psychosis, based on evidence of altered hippocampal L&M and suggest that altered glutamate-mediated functions in hippocampal subfields are involved in psychotic and deficient declarative memory manifestations of schizophrenia. 10 
The Anatomy of Hippocampus
The MTL includes the hippocampus proper, dentate gyrus (DG), entorhinal cortex (EC), and subiculum (figure 2). With the perirhinal and parahippocampal cortices, the hippocampal formation is functionally specialized to contribute to declarative memory processing using glutamate-mediated signaling.
9,27-32 Different subfields of the hippocampus have distinct memory functions, eg, the DG is thought to function importantly in ''pattern separation'' [33] [34] [35] and CA3 supports in ''pattern completion.'' 21, 22, 36 The trisynaptic pathway is glutamatedependent and distinguished by its one-way information flow, from EC to DG, to CA3, to CA1, and onto the subiculum, a microcircuit, which plays a distinctive role in specialized memory functions. 18, 22, 33, 37, 38 The MTL memory-related structures receive inputs from neocortical sensory and associational projections: afferents from neocortex pass to parahippocampal cortex, then to layers II/III of EC, and then onto hippocampal subfields. There are 2 prominent glutamate-mediated systems, which project through hippocampus: one is the unidirectional trisynaptic pathway and the other is the system of direct EC projections to individual subfields (figure 2). The trisynaptic pathway starts as the perforant projection from EC to DG and projects in steps, through the mossy fibers (MFs) to CA3, then through the Schaffer collaterals to CA1. Axons from layer II/III EC glutamate neurons project to the proximal dendrites of DG granule cell (GC) neurons. From DG, the MF pathway projects from the DG GCs to the proximal dendrites of CA3 pyramidal neurons (PN). From CA3, the PN run through the Schaffer collaterals and synapse onto the proximal dendrites of CA1 neurons. The CA1 PN project onto the subiculum, which in turn feeds back to EC, layer IV. The EC communicates bidirectionally with its projection targets in other gray matter regions. The anatomy of CA3 is unique and well suited to its function, in that it is comprised of highly organized glutamatergic associational projections that arise from the pyramidal cell axons; the axons send off dense specialized collateral projections onto neighboring pyramidal cells within CA3. The subiculum and EC participate in hippocampal communication circuits back to subcortical structures and neocortex, to the regions originally projecting to EC. 
Glutamate Dysfunction in Hippocampus
Of particular relevance to CA3 function are the specific features of the MF pathway connecting DG to CA3.
Anatomic and physiologic studies demonstrate that one MF axon from a glutamate-containing GC in DG can synapse with 8-15 PN and 18-35 interneurons (ITN) with target-cell-specific probability of release, CA 2þ dynamics, and distinct short-and long-term plasticity at individual release sites, all along a common axon. [39] [40] [41] Each of these MF synapses onto CA3 ITN has distinctive anatomic, electrophysiological, and molecular characteristics, conferring tight control over the functional properties resulting from these innervations. Studies have shown that with basal DG activity, the functional action of DG signaling in CA3 is a broadly distributed feed-forward inhibition. Basal signaling is mediated through 2 distinctive MF-ITN synapses, one containing postsynaptic GluR2-free AMPA receptors (ie, CA 2þ permeable) and the other dependent on presynaptic mGluR7 receptors; these 2 innervations serve to inhibit and stabilize neuronal firing in CA3. 39 However, with highfrequency stimulation (HFS) by DG GC neurons, the signaling properties of the MF pathway in CA3 change so that the HFS activation not only stimulates CA3 but also can generate long-term depression (LTD) at the MF/ITN synapse (diminishing inhibition) while generating long-term potentiation (LTP) at the MF/PN synapse (facilitating excitation); these changes support extensive facilitation within the CA3 pyramindal neurons and their recurrent collaterals. This specialization within the MF/PN vs MF/INT synapses provides the glutamatergic MF circuit a way of closely modulating the dynamics of excitation and inhibition within CA3 to fit the firing dynamics of the DG GCs. One can speculate that these dynamics are designed to execute the complex memory functions of DG and of CA3 at the fast speeds necessary for successful memory.
Glutamate-Dependent Plasticity Processes in Hippocampus and in Schizophrenia
Glutamate is synthesized from glucose through the tricarboxylic acid cycle, and it is concentrated in presynaptic vesicles at excitatory synapses. Glutamate is released by calcium-triggered vesicle fusion at the presynaptic terminal with depolarizing stimuli. Once in the synapse and after binding to glutamate receptors, the transmitter is rapidly recycled by the excitatory amino-acid transporters into the astrocyte (figure 1). 42 Stimulation of glutamate receptors causes activation of postsynaptic signaling cascades led by enhanced activity of protein kinases and cyclic AMP response element binding protein. 7, 8 These kinases, among their many actions, phosphorylate glutamate receptor subunits of the N-methyl-D-aspartate (NMDA) and the AMPA receptors, which sensitize their response to activity-dependent signaling and increase expression of constitutive and inducible transcription factors. 43 These activity signals influence membrane trafficking of glutamate receptor, affect calcium influx, and in turn, modulate postsynaptic sensitivity. Two ionotropic glutamate receptors are particularly important in learning and memory, NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), defined by their characteristic subunits. NMDA receptors (NMDAR) are heteromers of 2 GluN1 (obligate) subunits and 2 GluN2s (mainly, GluN2a and/or GluN2b in forebrain); they are voltage-gated and routinely pass calcium ions. GluN2a-containing NMDAR predominate in mature tissue, while midbrain region GluN2b-containing NMDAR predominate during development and also pass more CA 2þ per stimulus than GluN2a-containing NMDAR. NMDAR activation triggers long-lasting changes in activity-dependent responses in part by modulating trafficking of AMPA receptors into the postsynaptic membrane. 44 The NMDA and AMPA receptors mediate the bulk of the depolarizing current responsible for basal glutamatergic transmission and undergo rapid activitydependent recruitment during synaptic plasticity. Phosphorylation (specifically of Ser
831
) and dephosphorylation (of Ser 845 ) of AMPA subunits alter the function of AMPA receptors and contribute to the development of LTP and LTD. 45 While a full discussion of LTP/LTD is beyond this article, it is important to acknowledge that LTP itself is a local synaptic phenomenon and its influence on cellular function is complexly governed.
Principles of Hebbian plasticity govern synaptic encoding of memory signals. Two mechanisms of synaptic plasticity, thought to contribute to the activity-dependent refinement of neural circuitry during development and with adult learning, are LTP and LTD. 46 Rapid adjustments in the strengths of individual synapses are made in response to specific patterns of correlated pre-and postsynaptic activity. 45, 47 LTP is associated with synaptic strengthening due to a prolonged period of activity. LTD is induced based on a lack of depolarization coincidence. Modulating synaptic plasticity in response to the previous activity state of the synapse, while preserving the Hebbian-directed memory signals, can be explained by various homeostatic plasticity mechanisms, like synaptic scaling, intrinsic plasticity, or metaplasticity. [48] [49] [50] [51] Metaplasticity is a process which modulates the sensitivity of a population of synapses in response to afferent stimulation and relies on changes in NMDA and AMPA receptors and their trafficking to effect synaptic sensitivity changes. 4, 6, [52] [53] [54] This involves changes at the synapse between 2 neurons rather than changes in the electrical properties within a single neuron. 55, 56 Disruptions in plasticity mechanisms could lead to altered neuronal activation patterns in the hippocampus.
Within the model discussed in ''Hippocampal Homeostatic Plasticity Model of Psychosis in Schiziophrenia'' section, we would invoke a localized increase in synaptic strength within the synapses of the recurrent collaterals in CA3 extending into CA1 and that this regional synaptic change could underlie the increase in neuronal activity in CA3 that we measure with magnetic resonance perfusion techniques (in ''Functional Hippocampal Imaging in Schizophrenia'' section). Consistent with this increase in synaptic strength is the regional increase in CA3 brain derived neurotrophic factor (BDNF) levels in hippocampal tissue from schizophrenia (figure 3a), a finding which is important in that BDNF is an activity-dependent marker, 57 signaling alterations in plasticity in hippocampus in the illness. Previous experiments from our laboratory and from other groups show reduced GluN1 messenger RNA (mRNA) in hippocampus, particularly in the DG. This reduction in NR1 mRNA is accompanied by a previously unexplained increase in GluN2b in CA3. [58] [59] [60] [61] [62] [63] [64] Consistent with this observation is our more recent finding that NR1 protein is also reduced, specifically in the DG. We now hypothesize that a reduction in DG signaling (a ''deprivation'' for CA3) increases the sensitivity of CA3 by increasing the proportion of GluN2b-containing NMDARs selectively in CA3, and thereby generating a greater glutamate signal in CA3 with each depoloarization. This observation is consistent with the model that there is a reduction in glutamate signaling in DG, a reduction extending to the activity of the MF pathway; this formulation is also consistent with anatomic data showing reduced MF insertions in CA3. 62, 65 Further examination of dendritic branching and spines within CA3, postulating an increase in each, especially spine number, will be important to move this model ahead; previous work has noted reduced dendritic branching in subiculum, a terminal portion of hippocampus. 66 Together, the findings implicate altered regionally specific glutamate signaling and activity-dependent synaptic plasticity in schizophrenia.
Functional Hippocampal Imaging in Schizophrenia
Human brain imaging studies in schizophrenia have been important in identifying brain structures involved in disease manifestations, in understanding genetic contributions to function, and in examining task-specific pathology in brain. Hippocampal imaging studies have identified 2 alterations in measures of brain activity in MTL-baseline blood perfusion and task-related activation-which are paradoxically related in schizophrenia. Regional cerebral blood flow (rCBF) and blood volume (rCBV), perfusion measures of basal (nonstimulated) neuronal activity, are increased in MTL in individuals with schizophrenia, with such increases often being reported as specific to anterior MTL. [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] By contrast, task-related MTL activation, measured with funtional magnetic resonance imaging (fMRI) blood-oxegen-level dependent (independent of baseline) and representing regional responses to task demands and performance, is reduced in schizophrenia, with reductions observed during processing of novel stimuli, verbal memory encoding, and associative encoding. [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] We have suggested that the 2 are related-that the blunted activation to task demand is secondary to the increased perfusion at baseline. 10 As such, it is the elevated perfusion in schizophrenia that requires a mechanistic explanation; elevated perfusion is taken to represent an increase in excitatory neuronal activity. The increase in hippocampal perfusion could be associated with a subfield, a question we and others have already posed; this would suggest molecular studies pursued within that subfield to mechanistically understand the pathology. Our preliminary data suggest that hippocampal perfusion is increased in drugfree people with schizophrenia in CA3 and CA1. These data suggest that the dynamics of excitation and inhibition in the schizophrenia hippocampus are altered, particularly within CA3 and projecting onto CA1.
Hippocampal Homeostatic Plasticity Model of Psychosis in Schizophrenia
The observations from in vivo imaging studies in schizophrenia (which show increased perfusion in hippocampus 67, 72, 74 ) and from postmortem schizophrenia tissue studies (which show decreased GluN1 mRNA and protein in hippocampal subfields, especially DG 58, 89 ) converge to suggest that homeostatic plasticity mechanisms might be altered in hippocampus in patients.
It is the functional effect that this reduced glutamate signaling in DG has on CA3 that could be of interest for psychosis. CA3 is the projection target of DG in the trisynaptic pathway through the MFs. We currently hypothesize that this decrease in activity-dependent signaling within DG and in the MF pathway sensitizes its target tissue (CA3) to incoming stimuli and generates a lower LTP threshold and increased cellular sensitivity, thus generating higher levels of neuronal activity in CA3, which would be projected onto CA1. We suggest that this results in increases in synaptic strength in CA3, along with increased associational function. The Model is illustrated in figure 4 . The ability of homeostatic plasticity phenomena to support this kind of model is included in data generated in the Malenka, 65, 66 Bear, [46] [47] [48] [49] [50] [51] 53 and Malinow laboratories, among others. 49, 52, 54 It is a speculation that increases in CA3 associational function could generate false associations, some with psychotic content, which could then get laid down in memory as psychotic thoughts and memories. This idea could explain the reduction in glutamate signaling in DG (represented by NR1 protein reduction) as well as the increase in hippocampal perfusion that we detect with rCBF measures 10 and the finding that BDNF is increased regionally in CA3 in schizophrenia tissue 57 ( figure 3a) . The dependence of psychotic manifestation on associational dysfunction within CA3 would lead to the assumption that occasional and fleeting associational mistakes in CA3 could be responsible for the fleeting psychoticlike phenomena in normal and in ''prodromal'' individuals. Persistent and high increases in CA3 activity could instantiate the psychosis and generate manifestations that would resemble schizophrenia.
To screen further for a pathological mechanism(s) in glutamate signaling in schizophrenia hippocampus, we hypothesized that levels of presynaptic trafficking proteins could be low, thus reducing excitatory transmission. To examine this further, we measured synaptic proteins using Western blotting in human postmortem hippocampal tissue (N = 12 per group) of high quality. 90 In figure  3b , the data show that none of the proteins assessed are altered in schizophrenia, not even those proteins that others had previously found altered, like synapsin 91 or synaptophysin. 92 Thus, there is no evidence from our data to implicate presynaptic signaling proteins pathology in hippocampal plasticity.
Developing an initial model to account for these findings led us to the simple hypothesis that reduced activity in the MF innervation from DG to CA3, secondary to glutamate signaling reductions in DG, could serve to increase LTP and synaptic strength in CA3 and augment excitatory neuronal function there and in CA1 (reviewed in 10 ). We hypothesized that a reduction in the MF/CA3 afferents onto CA3 neurons would decrease the threshold to LTP in CA3 and increase excitability, especially within the system of CA3 recurrent collateral synapses, a unique feature of CA3 innervation. The literature supports this model, with findings by Koolomeets et al 65 showing a reduction in MF synapses in CA3, and a Reif study 61 showing reduced neurogenesis in DG, each in schizophrenia tissue. Based on this glutamate-mediated metaplasticity model, 10 we predicted an increase in markers of plasticity in CA3, such as an increase in GluN2b-containing NMDARs (augmenting the sensitivity of NMDARs) and increases in BDNF activity in CA3 in schizophrenia (figure 3a). The evidence that DG excitatory activity is reduced in the illness, indicating hypoglutamatergic activity 58, 89, 93, 95 coupled with anatomic evidence of reduced MF insertions in CA3 62, 65 and the possibility of reduced neurogenesis 61 are observations already made in schizophrenia, consistent with this formulation. The evidence that DISC1 alleles and the NRG Icelandic haplotype are risk genes for schizophrenia and are well known to influence synaptic plasticity (REF), additionally strengthens this hypothesis, given the intimate involvement of these genes in synaptic plasticity especially in hippocampus and the demonstration of alterations in synaptic plasticity with mutations in these genes. [95] [96] [97] [98] We are pursuing the testing of this model in schizophrenia using both high-resolution brain perfusion measures as well as microdissected hippocampal subfield tissue. The imaging outcomes will inform which subfields show increases in neuronal activity. The molecular studies will identify which, if any, synapse-specific molecular plasticity markers are altered in schizophrenia tissue. An increase in homeostatic plasticity markers would be consistent with regional increases in synaptic strength at the recurrent collateral CA3 synapses, thereby increasing excitation. It is fortunate that basic neuroscience has generated a broad understanding of glutamate-dependent plasticity processes in hippocampus, allowing an identification of protein markers to examine this model further.
How Subfield-Specific Dysfunction in Schizophrenia Could Underlie Psychotic Manifestations
Hippocampal memory functions include ''pattern separation'' (the process of creating distinct nonoverlapping representations for highly similar events) and ''pattern completion'' (the process by which prior memories are reinstated from partial cues); these processes are regionally executed to some degree and subserve representational memory function, automatically and at the speed of thought. First, if hippocampal pattern separation is diminished due to partial DG failure (resulting in ''spurious associations'' 22 ) and, second, if pattern completion is accelerated and increasingly inaccurate due to increased CA3 associational activity, then it is conceivable that associations could be false and, especially if driven by anxiety or stress, could generate psychotic content, with the associations then being laid down in memory, despite their psychotic content, including especially delusions and thought disorder. 99 The implication of this formulation includes the speculation that many different etiologies, all of which function to reduce activity in the MF pathway to CA3 and simultaneously increase neuronal and associational activity in CA3, can generate psychotic productions. Whether these psychotic productions persist and take over aspects of the memory process (as in schizophrenia), or merely generate individual and mild psychotic thoughts (as in normal people with psychotic experiences), are questions that will need future answers. If this model can be supported, it will make psychosis into a syndromal diagnosis, more like congestive heart failure, where the mental symptoms of psychosis are an end-organ effect of pathological signaling.
The implication of this kind of a formulation for diseases of the brain is that critical alterations in glutamatergic transmission can be local and not be represented in every brain region. Given the highly plastic capacity of hippocampus, it is reasonable to expect learning and memory-like plasticity to be involved in the cognitive manifestations of hippocampal pathology. The finding that glutamate transmission is reduced in DG, can be expected to alter excitatory signaling downstream, in CA3, and then on to CA1. If synaptic alterations already exist, as we can expect in schizophrenia, with risk genes that are known to be involved in synaptic function (NRG1, DISC, dysbindin, BDNF), then normal L&M plasticity characteristics may malfunction, possibly as described here. These ideas are particularly difficult to test in human systems, given the nondynamic aspect of postmortem tissue and the nonmolecular aspect of human brain imaging. But, these methods are sufficient to pose the model for further testing in dynamic systems, and fMRI provides an opportunity to examine whether the balance between pattern separation and pattern completion is altered in schizophrenia hippocampus. Moreover, advances in molecular neuroscience have identified useful markers to evaluate plasticity processes, critical to testing this glutamate-system model further. Specifically, the testing of this model and its falsification are planned in several distinct ways. First, the assessment of markers of plasticity change, like GluN2b-containing NMDA receptors and phosphorylation of the GluA1 subunit of the AMPA receptors, in hippocampal subfields in schizophrenia cases must be demonstrated in CA3. Second, an examination of neuronal anatomy in DG and in CA3 with Golgi and other methods to visualize dendrites and spines would be necessary to demonstrate anatomic changes associated with synaptic strengthening. Then, the possibility of generating an animal model, where reduced GluN1 in DG generates increased homeostatic plasticity in CA3, would provide an addressable animal preparation where LTP itself could be examined. The characteristics of this model, albeit speculative, are all testable using these approaches and can be discarded or modified, as the data suggest.
The glutamate hypothesis of schizophrenia has been highly generative for models of molecular pathology that could underlie the manifestations of schizophrenic illness. Here, we have proposed a novel model of hippocampal dysfunction, which could generate psychosis, and we propose to test this in human and animal systems. Modern techniques to examine human brain glutamate transmission have provided the promise of successful concept testing for manifestations of schizophrenic illness. The next decade should contribute more data to our goal of understanding schizophrenia biology and critically clarify aspects of psychosis pathology. It is the rapid advances in basic neuroscience that will enable sophisticated understanding of the complex mechanisms underlying psychiatric illnesses. 
